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We propose a solid-state nuclear-spin quantum computer based on application of scanning tunneling
microscopy (STM) and well-developed silicon technology. It requires the measurement of tunneling-
current modulation caused by the Larmor precession of a single electron spin. Our envisioned STM
quantum computer would operate at the high magnetic field (~10 T) and at low temperature ~1 K.
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I. Introduction.—Recently, we suggested a solid-state
nuclear-spin quantum computer based on magnetic reso-
nance force microscopy (MRFM) [1,2]. In this proposal,
a ferromagnetic particle, which is attached to the tip
of the cantilever, moves along a chain of paramagnetic
ions (atoms) located below the surface of silicon. The
ferromagnetic particle targets a particular ion, providing
selective excitation of its electron or nuclear spin, a
measurement of the state of the nuclear spin, and initial
polarization and one-qubit rotations of nuclear spins. A
two-qubit control-Nor (CN) gate for two neighboring
nuclear spins utilizes the dipole-dipole interaction be-
tween the nuclear spin of one ion and the electron of the
neighboring ion.

There are three basic disadvantages in the suggested
MRFM proposal: (1) The motion of the ferromagnetic
particle along the chain of paramagnetic ions can induce
additional dephasing in the spin system. This dephasing
must be taken into account. (2) Fluctuations of the posi-
tion of a ferromagnetic particle cause additional decoher-
ence in a spin system. (3) The accurate positioning of the
ferromagnetic particle relative to an ion is a complicated
experimental problem.

In this paper, we suggest a quantum computer architec-
ture which seems to be free of all these disadvantages. At
the same time, it retains the main advantage of the MRFM
proposal —it does not require an array of single-atom
gates, which is an essential part of well-known solid-state
proposals based on silicon technology [3,4]. We give esti-
mates for characteristic parameters required for realization
of a quantum computer based on the scanning tunneling
microscopy (STM) technique.

1I. STM detection of an electron spin resonance and a
nuclear spin state.—Our proposal utilizes recent results
in STM experiments which seem to allow detection of the
precessing electron spin from a single ion (atom). In these
experiments [5], the STM technique was used to measure
the frequency of the Larmor precession of an electron spin
of an individual iron atom in silicon in the presence of
a small, static applied magnetic field. This measurement
utilizes the interaction between a localized electron spin
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in a surface of a sample and the current produced by tun-
neling electrons. Because of this interaction the tunneling
probability is affected by the Larmor precession of a lo-
calized spin, and the tunneling current is modulated at the
Larmor frequency.

The mechanism causing the tunnel current modulation
is, however, not well understood. While this requires addi-
tional consideration, in this paper we assume that the STM
technique is able to detect the frequency of electron spin
precession for an individual ion (atom) in a silicon sur-
face. This results in the possibility for the STM technique
to detect the state of a nuclear spin in the same ion. In-
deed, suppose that the hyperfine interaction between elec-
tron and nuclear spins of the ion is greater than the Zeeman
interaction between a high external magnetic field, By, and
the nuclear spin. Then, the frequency of an electron spin
precession depends on the state of the nuclear spin. As
an example, following [2], we consider a '»Te" ion (A
center) in the surface of silicon. The Hamiltonian of the
electron-nuclear spin system of the ion has the form

H = 8eBBoS; + gnpnBol; — AS';, (D

where S and I are electron and nuclear spin operators
(S =1 = 1/2); By is a high magnetic field pointed in the
positive z direction; g, =~ 2, g, =~ 0.882; and A/27h =
3.5 GHz is the constant of the hyperfine interaction. The
magnetic moments of the '>Te nucleus and the electron
are both negative. Figure 1 demonstrates the energy levels
of the electron and nuclear spins of the '>Te* ion in a
high magnetic field.

If the nuclear magnetic moment points “up,” the modu-
lation frequency is

f = feo = geppBo/2wh + A/Amh. 2)
In the opposite case,
f = fe1 = geppBo/27wh — A/4mh. 3)

The hyperfine splitting is A/2#A. If the tunneling current
is observed to oscillate with the frequency f., the nuclear
spin of the ion is in its ground state. Otherwise the nuclear
spin is in the excited state.
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FIG. 1. Energy levels for electron (u.) and nuclear (u,) mag-
netic moments in a high magnetic field.

II1. Selective excitation of a nuclear spin.—To provide
a selective excitation of the nuclear spin (qubit), we assume
that a permanent magnetic field is slightly nonuniform in
the x direction (see Fig. 2). Assuming that the distance
between the neighboring ions is a, we have, for the differ-
ence in the precession frequencies for these ions,

B
Afe = (8epn/2mh)a="2 4)
X

The corresponding difference for nuclear magnetic
resonance (NMR) frequencies is

9B
Af, = (gnpn/2mh)a — 0. 5)
X

[In Eq. (4) we assume that nuclear spins of the neighboring
ions are in the same state. In Eq. (§) we assume that
the electron spins of the neighboring ions are in the same
state.] As an example, taking ¢ = 5 nm and 9By/dx =
10° T/m, we obtain for '>Te Af, =~ 6.75 kHz.
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FIG. 2. The magnitude of the permanent magnetic field

slightly increases in the x direction. a is the distance between
the neighboring ions.

For selective excitation of a nuclear spin, one can apply
a - or 77 /2-pulse of a rotating magnetic field, B . The
nuclear Rabi frequency, f,g, is given by

far = (gzzﬂn/ZWh)BL . (6)

For selective excitation, this quantity must be less than
Af,. Tt imposes a restriction on the duration, 7, of a
m-pulse,

T =1a/27fur > 1/2Af, = 74 us. @)

Using selective nuclear 7r-pulses one can drive a nuclear
spin chain into the ground state. For this purpose one pre-
pares the system in a high magnetic field at a low tempera-
ture, so that all electron spins are in their ground state. (As
an example, Bo ~ 10 T, T ~ 1 K.) Then, one measures
the modulation frequency of the tunneling current at any
position, x;. If the modulation frequency fits the value,
fe1(xi), one applies a selective nuclear 77-pulse with the
frequency, f,(xx), which drives the nuclear spin into the
ground state.

1V. A control-Nor gate.— The ability to implement a CN
gate is important for quantum computation as any quantum
algorithm can be decomposed into a sequence of one-qubit
rotations and CN gates [6]. We propose to use a scheme
close to that outlined in our MRFM proposal [1,2]. It
consists of three steps.

(1) One applies an electronic 7r-pulse with the frequency
f = fe1(xx). This pulse drives the electron spin of the
ion “k” into the excited state only if the nuclear spin of
the ion k (a control qubit) is in the excited state. The
difference, Af,, of electron spin resonance (ESR) fre-
quencies of neighboring ions for dBy/dx = 10° T/m is
Af. = 14 MHz. This is much smaller than the hyperfine
splitting, A/27rh =~ 3.5 GHz. Thus, for a chain contain-
ing up to 250 spins the frequency, fei(xx), is unique in
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the chain. For a longer chain, additional conditions are
required to prevent a coincidence of the ESR frequencies
for remote ions. (The dipole-dipole contribution to the
ESR frequency is small in comparison to the hyperfine
splitting.)

(2) One tunes the frequency of the nuclear 7r-pulse for
the ion “k + 17 (or “k — 17) taking into consideration the
dipole field produced by an electron spin on the nuclear
spin of the ion k + 1 (a target qubit). If the electron spin of
the ion k did not change its direction, the NMR frequency
for the ion k + 1 (taking into account a dipole field of
electron spins) is

J=Faxs1) = fua = Fra> (®)
where f,4 is the dipole shift due to two neighboring elec-
tron spins, and f4 is the dipole shift due to all other elec-
tron spins. (For a = 5 nm, f,; = 200 Hz, frs < 40 Hz,
the nuclear-nuclear dipole interaction is negligible.) If the
electron spin of the ion k has changed its direction, then
the NMR frequency for the ion £ + 1 is

f = fal) = fra- ©)
The difference, f,4, between the frequencies (8) and (9)
must be smaller than A f,,. In our case this condition is sat-
isfied, so both frequencies (8) and (9) are unique in a spin
chain. If the frequency of a nuclear 77-pulse is tuned to (9),
and the Rabi frequency, f,r, of the nuclear 7r-pulse is less
than f,4, then the nuclear spin of the ion k + 1 changes
its direction only when the control qubit is in the excited
state. This provides an implementation of a CN gate. This
step imposes a most severe restriction on the duration of a
quantum gate: 7 = /27 f,g > 2.5 ms. The same step
imposes a restriction on the electron relaxation time which
must be greater than 7. (Available data [7] show that the
electron relaxation time for paramagnetic impurities can
be of the order of hours.)

(3) Finally, one repeats the first step to drive an electron
spin of the ion k back to the ground state, if the control
qubit is in the excited state.

V. Conclusion.— We proposed a nuclear spin solid-state
quantum computer based on STM. Our proposal does
not require sophisticated single-atom electrostatic gates.
A single-spin measurement is provided by measuring the
modulation of the tunneling current. Selective excitation
of a nuclear spin can be achieved using an inhomogeneous
permanent magnetic field. A control-NOT gate is provided
by utilizing the dipole-dipole interaction between the elec-
tron and nuclear spins. Our envisioned STM quantum
computer would operate at high magnetic field (~10 T)
and at low temperature ~1 K.
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To complete our discussion on the STM quantum com-
puter, we should mention some experimental difficulties
which must be overcome. First, the NMR frequency, f,
is very sensitive to an exact location of a paramagnetic ion.
Taking the distance between paramagnetic ions (5 nm) to
be equal to 30 interatomic distances, one obtains the NMR
frequency shift about 200 Hz between two neighboring
atoms. This problem could be solved by accurate initial
measurement of the NMR frequency for each paramag-
netic ion. A resonant nuclear 77-pulse of duration greater
than 2.5 ms will drive a nuclear spin from one state into
the other state changing the ESR frequency and the modu-
lation frequency of the tunneling current. Thus, the exact
placement of a paramagnetic atom is not required in our
proposal. Because of the same reason, the precise value
of the external magnetic field on a paramagnetic ion with
the accuracy to 1.5 X 1073 T (which corresponds to the
NMR frequency shift 200 Hz) is also not required. On the
other hand, the stability of the external magnetic field must
be greater than 1.5 X 1073 T. Also, the frequency reso-
lution of the tunneling current modulation must be greater
than the ESR hyperfine splitting, 3.5 GHz. Certainly, the
whole idea of our proposal assumes the opportunity for an
adequate measurement of a nuclear spin state via the ESR
frequency using the STM technique. This opportunity is
yet to be proved in experiments.
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